The behavioural variant of frontotemporal dementia is a progressive neurodegenerative syndrome characterized by changes in personality and behaviour. It is typically associated with frontal lobe atrophy, although patterns of atrophy are heterogeneous. The objective of this study was to examine case-by-case variability in patterns of grey matter atrophy in subjects with the behavioural variant of frontotemporal dementia and to investigate whether behavioural variant of frontotemporal dementia can be divided into distinct anatomical subtypes. Sixty-six subjects that fulfilled clinical criteria for a diagnosis of the behavioural variant of frontotemporal dementia with a volumetric magnetic resonance imaging scan were identified. Grey matter volumes were obtained for 26 regions of interest, covering frontal, temporal and parietal lobes, striatum, insula and supplemental motor area, using the automated anatomical labelling atlas. Regional volumes were divided by total grey matter volume. A hierarchical agglomerative cluster analysis using Ward's clustering linkage method was performed to cluster the behavioural variant of frontotemporal dementia subjects into different anatomical clusters. Voxel-based morphometry was used to assess patterns of grey matter loss in each identified cluster of subjects compared to an age and gender-matched control group at P50.05 (family-wise error corrected). We identified four potentially useful clusters with distinct patterns of grey matter loss, which we posit represent anatomical subtypes of the behavioural variant of frontotemporal dementia. Two of these subtypes were associated with temporal lobe volume loss, with one subtype showing loss restricted to temporal lobe regions (temporal-dominant subtype) and the other showing grey matter loss in the temporal lobes as well as frontal and parietal lobes (temporofrontoparietal subtype). Another two subtypes were characterized by a large amount of frontal lobe volume loss, with one subtype showing grey matter loss in the frontal lobes as well as loss of the temporal lobes (frontotemporal subtype) and the other subtype showing loss relatively restricted to the frontal lobes (frontal-dominant subtype). These four subtypes differed on clinical measures of executive function, episodic memory and confrontation naming. There were also associations between the four subtypes and genetic or pathological diagnoses which were obtained in 48% of the cohort. The clusters did not differ in behavioural severity as measured by the Neuropsychiatric Inventory; supporting the original classification of the behavioural variant of frontotemporal dementia in these subjects. Our findings suggest behavioural variant of frontotemporal dementia can therefore be subdivided into four different anatomical subtypes.
The behavioural variant of frontotemporal dementia is a progressive neurodegenerative syndrome characterized by changes in personality and behaviour. It is typically associated with frontal lobe atrophy, although patterns of atrophy are heterogeneous. The objective of this study was to examine case-by-case variability in patterns of grey matter atrophy in subjects with the behavioural variant of frontotemporal dementia and to investigate whether behavioural variant of frontotemporal dementia can be divided into distinct anatomical subtypes. Sixty-six subjects that fulfilled clinical criteria for a diagnosis of the behavioural variant of frontotemporal dementia with a volumetric magnetic resonance imaging scan were identified. Grey matter volumes were obtained for 26 regions of interest, covering frontal, temporal and parietal lobes, striatum, insula and supplemental motor area, using the automated anatomical labelling atlas. Regional volumes were divided by total grey matter volume. A hierarchical agglomerative cluster analysis using Ward's clustering linkage method was performed to cluster the behavioural variant of frontotemporal dementia subjects into different anatomical clusters. Voxel-based morphometry was used to assess patterns of grey matter loss in each identified cluster of subjects compared to an age and gender-matched control group at P50.05 (family-wise error corrected). We identified four potentially useful clusters with distinct patterns of grey matter loss, which we posit represent anatomical subtypes of the behavioural variant of frontotemporal dementia. Two of these subtypes were associated with temporal lobe volume loss, with one subtype showing loss restricted to temporal lobe regions (temporal-dominant subtype) and the other showing grey matter loss in the temporal lobes as well as frontal and parietal lobes (temporofrontoparietal subtype). Another two subtypes were characterized by a large amount of frontal lobe volume loss, with one subtype showing grey matter loss in the frontal lobes as well as loss of the temporal lobes
Introduction
The behavioural variant of frontotemporal dementia (bvFTD) is a progressive neurodegenerative syndrome in which subjects show early changes in personality and behaviour (Neary et al., 1998; Josephs, 2008) . While bvFTD is considered a single syndromic entity, there is considerable variability in its clinical presentation. For example, subjects have been sub-classified into those showing apathetic behaviour and those showing disinhibited behaviour (Hodges, 2001; Snowden et al., 2002; Le Ber et al., 2006) . As the disease progresses, patients can exhibit changes in language (Grossman et al., 2004; Blair et al., 2007; Wicklund et al., 2007) , although the extent of these language abnormalities can also vary between subjects (Wicklund et al., 2007) . Clinicopathological studies have shown that bvFTD is highly variable in terms of underlying pathology (Hodges et al., 2004; Kertesz et al., 2005; Forman et al., 2006; Josephs et al., 2006a) , with $60% of subjects showing underlying deposition of the TAR DNA binding protein 43 and the other 40% showing deposition of the microtubule associated protein tau (MAPT) (Kertesz et al., 2005; Josephs et al., 2006a) . In fact, of all the clinical variants of frontotemporal dementia, bvFTD is the most difficult in which to predict the underlying pathology; although there is now some suggestion that behavioural features may differ between different pathologic forms (Hu et al., 2007a, b) .
The behavioral variant of FTD is traditionally considered to be associated with atrophy of the frontal lobes, usually symmetrical, although asymmetric right-sided atrophy has been reported (Fukui and Kertesz, 2000; Rosen et al., 2002; Seeley et al., 2008) . These changes are consistent with the role of the frontal lobes in behavioural control (Cummings, 1993; Rosen et al., 2005; Williams et al., 2005; Peters et al., 2006) . However, recent studies using advanced imaging techniques have shown that bvFTD is also associated with atrophy in a network of other limbic areas that are likely to be involved in the fine tuning of behaviour, including the insula, striatum, anterior cingulate and amygdala (Rosen et al., 2002; Boccardi et al., 2005; Whitwell et al., 2005b; Barnes et al., 2006) . Atrophy of temporal lobe structures, such as the hippocampus, and parahippocampal gyrus, has also been reported in bvFTD subjects (Galton et al., 2001a; Grossman et al., 2004; Barnes et al., 2006; Whitwell et al., 2009) . The patterns of anatomic destruction in bvFTD therefore spread outside the frontal lobes and also vary to a large degree across different cohorts. It has also been demonstrated that subjects with a diagnosis of bvFTD can show differing patterns of atrophy according to behavioural profile and pathology (Cummings, 1993; Hodges, 2001; Snowden et al., 2001; Liu et al., 2004; Josephs et al., 2006b; Le Ber et al., 2006; Whitwell et al., 2006; Massimo et al., 2009) . Specifically, studies have found that patients with an apathetic syndrome show dorsolateral and medial frontal changes, while patients with a disinhibited syndrome show orbitofrontal and temporal lobe changes (Le Ber et al., 2006; Massimo et al., 2009 ). In addition, many behavioural features have been associated with the right temporal lobe (Miller et al., 1993; Edwards-Lee et al., 1997; Thompson et al., 2003; Zamboni et al., 2008; Chan et al., 2009) . These results therefore suggest that variability in behavioural presentation may mirror anatomic variability.
The behavioral variant of FTD is therefore a clinically, pathologically and anatomically heterogeneous disorder. The aim of this study was to assess the variability in patterns of atrophy present in bvFTD and investigate whether bvFTD consists of different anatomical subtypes that may help explain the clinical and pathological heterogeneity. Previous studies in bvFTD have utilized group level analysis techniques, such as voxel-based morphometry (Rosen et al., 2002; Boccardi et al., 2005) , which provide useful information about patterns of atrophy across the whole brain in cohorts of subjects. However, these techniques do not allow the assessment of atrophy at the individual level, which is essential to assess variability across subjects and identify specific anatomical variants. It is also important in assessing variability to be able to sample throughout the entire brain. Traditional manual measurements, while providing data at the individual level, are timeconsuming to perform and therefore performing multiple measurements throughout the brain in large samples of subjects is not feasible. The brain has, however, been carefully parcellated into many different regions of interests in a number of different brain atlases. One commonly used atlas is the automated anatomical labelling atlas in which regions of interest have been defined on a single subject scan (Tzourio-Mazoyer et al., 2002) . This template can be warped onto a subject's scan and used to measure regional volumes (Jack et al., 2008b) . This technique is automated and allows the measurement of multiple regions of interest across the brain of subjects and therefore will be utilized in this study.
Methods Subjects
We identified all subjects from the Mayo Clinic Alzheimer's Disease Research Centre (ADRC) or Alzheimer's Disease Patient Registry (ADPR) that had a clinical diagnosis of bvFTD (Neary et al., 1998) and a volumetric MRI scan. The ADRC and ADPR are longitudinal prospective studies in which subjects undergo annual clinical and neuropsychological assessments and MRI scans. All subjects had been seen by a Behavioural Neurologist in the Department of Neurology, Mayo Clinic. The Mini-Mental State Examination (MMSE) (Folstein et al., 1975) , Clinical Dementia Rating Scale (CDR) (Hughes et al., 1982) , Dementia Rating Scale (DRS) (Mattis, 1988) , and the brief questionnaire form of the Neuropsychiatric Inventory (NPI-Q) (Cummings, 1994; Kaufer et al., 2000) were administered. The results of the NPI-Q were not used in the clinical diagnosis of the subjects. All MRI were reviewed and scans were rejected for poor quality (such as motion or susceptibility artefacts) or the presence of other pathologies (such as large cortical infarcts, tumour or other structural abnormalities) that may influence the structural analysis. The first available MRI was used in all cases. A total of 79 subjects were identified, of which 13 were excluded from the study (eight because the scans were performed before 1994 using an older MRI protocol, three due to poor quality and one due to a large cortical infarct which would interfere with regional quantification), resulting in a total of 66 subjects available for this study. The subject demographics for the 66 bvFTD subjects are shown in Table 1 . A behavioural neurologist (K.A.J.) who was not involved in the initial diagnosis reviewed the medical records of all cases to abstract data, ensure that the diagnostic codes in the database were indeed correct and to ensure that cases evaluated before 1999 fulfilled current clinical criteria for bvFTD (Neary et al., 1998) . A total of seven cases had been evaluated and diagnosed before 1999 using older clinical criteria (Lund-Manchester, 1994) , and hence in these cases the recent clinical criteria (Neary et al., 1998) were retrofitted.
The bvFTD subjects were matched by age and gender to a group of 30 healthy controls. All control subjects were prospectively recruited into the ADRC or the ADPR and were identified from the ADRC/ ADPR database. Controls were identified as individuals who (i) were independently functioning community dwellers; (ii) did not have active neurologic or psychiatric conditions; (iii) had no cognitive complaints; (iv) had a normal neurological and neurocognitive examination; and (v) were not taking any psychoactive medications in doses that would affect cognition.
Neuropsychology
Neuropsychological data performed within 4 months of the scan date were collected and analysed. We selected two neuropsychological tests to represent each of the domains of memory, language, (Wechsler, 1987) . The Boston Naming Test (BNT) (Kaplan et al., 1983) and Category Fluency test (animals, vegetables and fruits) (Lucas et al., 1998) (Wechsler, 1981 (Wechsler, , 1997 . All tests were administered by experienced psychometrists and supervised by clinical neuropsychologists. The age-corrected scaled scores from the WAIS subtests were used for comparison while the raw scores were used for all other tests. WAIS-R and WAIS-III age-corrected scaled scores were used because each test's raw scores have been converted to a common metric (i.e. scaled score) that allows meaningful combinations. The raw scores from these tasks have different metrics, precluding statistical combination. The neuropsychological results are shown in Table 2 . Some neuropsychological tests could not be administered to some subjects due to the advanced state of their dementia, but were included in this analysis to encompass as broad a spectrum of bvFTD as possible. Some controls were missing neuropsychological data; this is primarily due to changes in the battery administered to control participants over time.
Pathological assessment
Autopsy data were available in 25 of the bvFTD subjects. Neuropathological examinations were performed according to the recommendations of the Consortium to Establish a Registry for Alzheimer's Disease (Mirra et al., 1991) . In all cases, pathological assessment and diagnosis was conducted by one of two expert neuropathologists (D.W.D. or J.E.P.) as described earlier (Knopman et al., 2003) . All cases were reclassified based on the recent consensus recommendation for the nomenclature for neuropathological subtypes of FTD (Mackenzie et al., 2009) . Frontotemporal lobar degeneration with TAR DNA binding protein 43 (FTLD-TDP) was diagnosed if there was neuronal loss and gliosis in frontal and temporal cortices, as well as ubiquitin and TDP-43 immunoreactive neuronal inclusions. FTLD-TDP type 1 was diagnosed if in frontotemporal cortices and hippocampal dentate granule cells of the hippocampus there is a mixture of TDP-43 immunoreactive neuronal cytoplasmic inclusions and dystrophic neurites; FTLD-TDP type 2 if there is a predominance of dystrophic neurites, and FTLD-TDP type 3 if there is a predominance of cytoplasmic inclusions . FTLD-Tau was diagnosed if there were tau positive immunoreactive neuronal or glial inclusions or genetic determination of a mutation in the MAPT gene. FTLD-Tau subjects were further sub-classified into their major pathological subtypes. Subjects were diagnosed as having progressive supranuclear palsy if there was neuronal loss and gliosis, as well as characteristic tau-positive lesions including tufted astrocytes, coiled bodies and globose neurofibrillary tangles in cardinal nuclei (subthalamic nucleus, thalamic and brainstem nuclei, etc.) that met diagnostic criteria for progressive supranuclear palsy (Hauw et al., 1994) . Subjects were given a pathological diagnosis of corticobasal degeneration if there was cortical neuronal loss and gliosis with balloon neurons and tau-positive lesions including astrocytic plaques, corticobasal bodies and abundant neuropil threads that were located in cardinal regions that met diagnostic criteria for corticobasal degeneration (Dickson et al., 2002) . A diagnosis of Pick's disease was made if there were neurofilament positive balloon neurons and silver and tau-positive rounded Pick bodies in the cerebral cortex, and subcortical grey structures (Dickson, 2001) . 22 : 48 11 (9-12) 5 (4-6) 6 (5-7) 6 (4-7) 5 (4-6) 5 (4-6) 0.37 WAIS-BD (IQR) 22 : 47 10 (8-12) 6 (4-7) 6 (6-7) 6 (5-7) 6 (4-7) 6 (4-8) 0.86 † Significant difference was observed between bvFTD and control group on all variables. Cases with ubiquitin-only-immunoreactive inclusions, i.e. the inclusions were not immunoreactive to TDP-43 (Josephs et al., 2008a; Mackenzie et al., 2008) were designated FTLD-UPS.
A diagnosis of Alzheimer's disease was made if the Braak neurofibrillary tangle stage (Braak and Braak, 1991) was V or VI and pathological findings met the National Institute of Aging and Reagan Institute Working Group (NIA-Reagan) diagnostic criteria for high probability Alzheimer's disease (Hyman and Trojanowski, 1997) .
Genetic assessments
Analysis of MAPT exons 1, 7 and 9-13 was performed using primers and conditions that were described earlier (Hutton et al., 1998) . In addition, exons 0-13 and the 3 0 -untranslated region of the progranulin (PGRN) gene were amplified by polymerase chain reaction (PCR) using our previously published primers and protocol Gass et al., 2006) . PCR amplicons were purified using the Multiscreen system (Millipore, Billerica, MA, USA) and then sequenced in both directions using Big Dye chemistry following manufacturer's protocol (Applied Biosystems, Foster City, CA, USA). Sequence products were purified using the Montage system (Millipore) prior to being run on an ABI 3730 DNA Analyser. Sequence data were analysed using either SeqScape or Sequencher software.
MRI acquisition
All MRI studies were performed with a standardized imaging protocol (Jack et al., 2008b) . Scans were performed on different scanners but all were GE Signa with body resonance module gradient sets and transmit-receive single channel head coils. All scanners underwent a standardized quality control calibration procedure every morning, which monitored geometric fidelity over a 200 mm volume along all three cardinal axes, signal-to-noise ratio and transmit gain. All images underwent pre-processing correction for gradient non-linearity (Jovicich et al., 2006) and intensity non-uniformity (Sled et al., 1998) as described earlier (Jack et al., 2008a) .
Atlas-based parcellation
An atlas-based parcellation technique was employed using Statistical Parametric Mapping release 2005 (SPM5) and the automated anatomical labelling atlas (Tzourio-Mazoyer et al., 2002) , in order to generate grey matter volumes for different regions of interest across the brain of each subject. The following 26 mutually exclusive regions of interest were analysed: medial frontal, orbitofrontal, lateral inferior frontal, lateral superior frontal, medial temporal, lateral temporal, temporal pole, medial parietal, lateral parietal, insula, caudate nucleus, lentiform nucleus and supplemental motor area (left and right hemispheres were assessed separately for each region). The high-resolution T 1 -weighted single-patient brain image (Tzourio-Mazoyer et al., 2002) with atlas labels was normalized to a customized template using the unified segmentation method in SPM-5 (Ashburner and Friston, 2005) , giving a discrete cosine transformation which normalizes the atlas brain to custom template space. Each region of interest in the atlas was edited in template space by an experienced image analyst (M.M.S.), in order to improve the accuracy of the atlas. Each patient MRI scan was then spatially normalized to the custom template, giving a discrete cosine transformation, which normalizes the MRI of each patient to the custom template. Then for each patient, the inverse transformation was applied to the atlas in order to warp the atlas to the patient's native anatomical space. Each patient scan was segmented into grey matter, white matter and cerebrospinal fluid (CSF) in native space. The segmented grey matter probability map generated from the unified segmentation routine was thresholded at a value of 0 to create a binary grey matter mask, and multiplied by the patient-specific warped atlas, to generate a custom grey matter atlas for each patient, parcellated into the aforementioned regions of interest. Grey matter volumes were calculated for each region of interest for each patient by multiplying the mean grey matter probability by the total number of voxels within a region of interest and by the voxel volume. In addition, total grey matter volume was calculated for each patient from the grey matter segmentation. All regional grey matter volumes were divided by total grey matter volume to correct for differences in global atrophy between subjects. This step was performed because we were interested in clustering subjects by the relative involvement of each region rather than just by global severity.
Cluster analysis
We performed a hierarchical agglomerative cluster analysis which begins with each patient in his or her own cluster and at each step combines the two most 'similar' clusters until the last two clusters are combined into a single cluster with all patients (Johnson and Wichern, 1982) . Such a hierarchical method gives a sequence of nested clusters and allows the analyst to choose the number of clusters to work with. This cluster analysis was performed using the 26 grey matter corrected region of interest volumes for each of the 66 subjects with bvFTD. We used Ward's clustering linkage method of combining clusters. At each step, Ward's method chooses which pair of clusters to combine next by merging the pair of clusters that minimizes the sum of square errors, or sum of squared deviations from the cluster mean, across all clusters. Note that unlike in regression modelling, cluster analysis does not involve parameter estimation and therefore the analyst need not be concerned with overfitting resulting from considering too many variables given the sample size.
While clusters were formed using the method described earlier, principal components analysis was used to provide some validation of the clustering as well as an insight into the underlying dimensionality of the data. Principal components analysis is a technique by which a high-dimensional data set (with possible correlation between the dimensions) is projected onto to a lower dimensional (uncorrelated) space by retaining the maximum amount of data variability. Computationally, this is performed using singular value decomposition via matrix arithmetic. From a conceptual standpoint, the first component finds the coefficients for each region of interest that can be combined to account for the maximum amount of variability in the data and the coefficients of each of the succeeding components account for as much as the remaining variability as possible. The first two principal components can be interpreted as the best two dimensional representation of the full data set and informative of the highest variability in the data.
Voxel-based morphometry
Voxel-based morphometry (Ashburner and Friston, 2000) using SPM5 was used to assess patterns of grey matter loss in each cluster of subjects that was identified from the cluster analysis compared to controls. This comparison assesses overall patterns of grey matter loss in each subtype without correcting for grey matter volume. A number of pre-processing steps were performed as described earlier (Jack et al., 2008b) . We first created sample-specific (customized) templates and tissue probability maps by normalizing and segmenting all scans with the standard Montreal Neurological Institute template and tissue probability maps and averaging the normalized tissue probability maps. All images were normalized to the customized template and segmented using the customized tissue probability maps into grey matter, white matter and CSF, followed by the hidden Markov random field clean-up step (Zhang et al., 2001) . All grey matter images were modulated and smoothed with a Gaussian kernel of 8 mm full-width at half maximum.
Grey matter differences between each cluster-defined bvFTD subtype and controls were assessed using t-tests within the general linear model framework of SPM (corrected for multiple comparisons using the family-wise error correction at P50.05). In addition, two one-sided t-tests were performed between each pair of subtypes (say A and B), one looking for regions that showed greater loss in A than B, and the other looking for regions that showed greater loss in B than A. These analyses were assessed at a more lenient statistical threshold of P50.005 using the false discovery rate correction for multiple comparisons.
Statistical analysis
We tested for group differences in demographic variables between controls and bvFTD subtypes using Wilcoxon rank-sum/MannWhitney U-tests when analysing numeric variables and chisquared test when analysing categorical variables. Differences among the bvFTD subtypes on numeric variables were assessed using the Kruskal-Wallis test, differences in gender; proportion of apolipoprotein E e4 carriers and proportion of subjects with each NPI-Q behaviour were assessed with the Fisher exact test due to the low expected counts in the corresponding two-by-four table.
Neuropsychological variables were not normally distributed due to floor and ceiling effects and skewness. We therefore used the proportional odds logistic regression (POLR) model to accommodate non-normal distributions and allow us to adjust for differences due to age. The POLR model is an ordinal logistic regression model that can be thought of as generalizing the Wilcoxon rank-sum/Mann-Whitney U-test to a regression context (Harrell, 2001) . This model can be interpreted as treating the neuropsychological score as a coarsened version of an underlying continuum representing constructs such as 'memory ability' or 'language facility'. The neuropsychological test score can therefore be used to rank order subjects along the continuum with those reaching the floor or ceiling assigned to the highest or lowest categories, respectively. For example, subjects naming 10 animals in the category fluency test are treated as more impaired than those naming 20, but cannot be assumed to have half the language facility.
In our proportional odds logistic regression models, the response or dependent variable was the neuropsychological score, patient group was the predictor of primary interest, and age was an adjustment covariate. For each neuropsychological variable, we fitted two models. The first tested for differences between the control and bvFTD subtypes and the second tested for differences among the cluster-defined subtypes. Significance was assessed using a likelihood ratio test, comparing a model with age and group versus a model with age only.
Results

Cluster analysis
In our cluster analysis, each of the 66 bvFTD subjects started in a cluster on his/her own and was progressively clustered with others. The results of the cluster analysis are illustrated by the dendrogram in Fig. 1 . The horizontal axis of the dendrogram is a measure of dissimilarity. A distinct grouping of all subjects can be obtained by drawing a vertical line at any point along the dendrogram. This vertical line can be thought of as cluster cutpoints. At the penultimate stage of the clustering, i.e. just prior to all bvFTD subjects being merged into a single non-informative group, the two remaining clusters demarcated by the vertical blue line, divide the sample into two clusters of equal size. At one stage prior to this point, there are four clusters as demarcated by the red line. These clusters are quite different as indicated by the horizontal distance that must be traversed before the clusters are merged. If we were to move the vertical line further to the left then we end up with a two-patient subgroup. Because of the limited generalizability of a two-patient cluster, we drew our cluster cut-point at the red four-cluster mark and next report differences between these four potential bvFTD subtypings.
Voxel-based morphometry analysis Comparisons to controls
We performed two levels of voxel-based morphometry analysis, assessing patterns of grey matter loss in subjects in the four Figure 1 The dendrogram created by the cluster analysis.
Each of the 66 bvFTD subjects started in a cluster on his/her own and were then progressively clustered together. Individual patients are indicated by cluster and given an arbitrary number within cluster. The distance along the x-axis represents a measure of similarity between subjects, such that the closer the distance the greater the similarity between the subjects. We then applied voxel-based morphometry to the final two levels of clustering (represented by blue and red lines). TD = temporal dominant subtype, TFP = temporofrontoparietal subtype, FT = frontotemporal subtype, FD = frontal dominant subtype.
Anatomical variants of bvFTD
Brain 2009: 132; 2932-2946 | 2937 subtypes of bvFTD relative to controls, as well as at the penultimate stage of the dendrogram when these four subtypes are collapsed into two groups (Fig. 1) .
It is clear from Fig. 2 that the subjects in the bottom branch of the dendrogram were characterized by grey matter loss predominantly located in temporal lobes, with less severe involvement of frontal lobes, when compared to controls. This half of the dendrogram consisted of two bvFTD subtypes. The first of these subtypes showed grey matter loss only in temporal lobes, involving temporal pole, medial temporal lobe (hippocampus, amygdala and fusiform gyrus) and inferior temporal gyri, compared to controls (Figs 2 and 3) . Grey matter loss was slightly more severe in the right hemisphere. We therefore refer to this subtype as 'temporal dominant'. The second of the subtypes showed grey matter loss in anterior temporal lobes, medial frontal lobe, and medial and lateral parietal lobes, compared to controls (Figs 2 and 3) . The temporal lobe involvement included temporal pole, anterior medial temporal lobe and inferior temporal lobes. There was also some involvement of insula, orbitofrontal cortex and dorsolateral frontal lobes. To reflect the fact that the temporal, frontal and parietal lobes are all similarly affected we will refer to this subtype as 'temporofrontoparietal'.
In contrast, the subjects in the top branch of the dendrogram were characterized by more severe loss in frontal lobes, with less severe involvement of temporal and parietal lobes, when compared to controls (Fig. 2) . Once again, this side of the dendrogram consisted of two subtypes. The first of these subtypes showed grey matter loss throughout frontal lobes but also with involvement of temporal lobes, compared to controls (Figs 2 and 3) . Frontal lobe grey matter loss was observed throughout orbitofrontal, dorsolateral and medial frontal lobes. The temporal lobe loss involved temporal pole, medial temporal lobe and inferior and middle temporal gyri, and was most severe in the right temporal lobe. Grey matter loss was also observed in insula, anterior cingulate, caudate nucleus and right putamen. There was also minor involvement of right parietal lobe. We will refer to this subtype as 'frontotemporal' to reflect the fact that they showed predominantly frontal and temporal loss. The second of these subtypes showed grey matter loss relatively isolated to frontal lobes, involving orbitofrontal, dorsolateral and medial frontal lobes, as well as Figure 2 Three dimensional surface renderings showing patterns of grey matter loss in each of the four bvFTD subtypes that were identified from the cluster analysis compared to controls (corrected for multiple comparisons using family wise error at P50.05). The results are shown on a schematic version of the dendrogram in order to illustrate the relationship between patterns of atrophy and cluster position. Patterns of grey matter loss are also shown at the level of the dendrogram when the bvFTD subjects are divided into two groups.
anterior cingulate, insula and caudate nucleus (Figs 2 and 3) . Only small scattered regions of loss were identified in temporal and parietal lobes. Therefore, this subtype will be referred to as 'frontal dominant'. These patterns have been summarized in Table 3 .
Comparisons between subtypes Figure 4 shows the results of direct comparisons between the four different bvFTD subtypes. The temporal-dominant subtype showed greater involvement of temporal lobe, particularly right temporal pole, medial and inferior temporal lobe, than the frontal-dominant subtype.
The temporofrontoparietal subtype showed greater grey matter loss in parietal lobes compared to the temporal-dominant subtype.
The frontotemporal subtype showed greater involvement of frontal lobes, anterior insula and caudate nuclei than the temporal-dominant subtype, and greater involvement of the frontal lobes, anterior insula, caudate, right putamen and right anterior temporal lobe compared to the temporofrontoparietal subtype. The frontotemporal subtype also showed greater involvement of right temporal lobe, right anterior insula and caudate nuclei than the frontal-dominant subtype.
The frontal-dominant subtype showed greater involvement throughout frontal lobes and anterior insula, with some Principle component analysis Figure 5 represents a scatter plot of the first two principal components of the 26 region of interest data set. Even in just two dimensions, rather than the original 26, the plot shows good separation between the four subtypes of bvFTD, further validating the separation of these four bvFTD subtypes. The scatter of different subjects along the axes is as expected and the scores conform to patterns seen in the voxel-based morphometry maps: the temporal-dominant subjects have negative first principal component scores and positive second principal component scores indicating large temporal lobe volume loss; the temporofrontoparietal subjects have typically negative first principal component scores and negative second principal component scores suggesting large temporoparietal volume loss with relatively less frontal loss than in the frontal-dominant and frontotemporal subtypes; the frontotemporal subjects have mostly positive first principal component scores and positive second principal component scores suggesting frontal and temporal volume loss; and the frontaldominant subjects have positive first principal component scores and on an average close to zero second principal component scores reflecting the severe frontal volume loss but less temporal and parietal loss.
Subject demographics
Demographics for the subjects in each of the four bvFTD subtypes are shown in Table 1 . There was a significant difference across subtypes in age at MRI (P = 0.004) and age at onset (P = 0.004), with youngest age observed in the temporal-dominant subtype. There was no difference across subtypes in years of education, time from onset to scan and gender ratio. A total of 48% of the cohort had either a pathologically or genetically confirmed diagnosis. Of the five subjects in the temporal-dominant subtype with a confirmed diagnosis, 100% had a mutation in the MAPT Figure 4 Coronal slices through the template showing how patterns of grey matter loss differ between the four subtypes on direct comparison (corrected for multiple comparisons using false discovery rate at P50.005). Patterns of grey matter loss were assessed in each subtype compared to each other subtype. The TD subtype showed greater loss in the temporal lobes than the FD subtype, the TFP subtype showed greater loss in the parietal lobes than the TD subtype, the FT subtype showed greater loss in the frontal lobes than the TD and TFP subtypes, the FT subtype showed greater loss in the temporal lobe than the FD subtype and the FD subtype showed greater loss in the frontal lobes than the TD subtype. TD = temporal dominant subtype, TFP = temporofrontoparietal subtype, FT = frontotemporal subtype, FD = frontal dominant subtype. . Subjects with the pathological diagnosis of FTLD-TDP were found in the temporofrontoparietal, frontotemporal and frontal-dominant subtypes; with type 1 and 3 cases observed across all three subtypes and the only type 2 case observed in the temporofrontoparietal subtype. Pathological evidence of motor neuron degeneration was identified in three of the frontal-dominant subjects (two type 3 and one type 1), all of which also had clinical features of motor neuron disease. Only three of the FTLD-TDP subjects, all type 1, screened positive for PGRN. These three subjects were in the temporofrontoparietal, frontotemporal and frontaldominant subtypes. Subjects with Pick's disease or progressive supranuclear palsy were found in the frontotemporal and frontaldominant subtypes. All subjects with a pathological diagnosis of Alzheimer's disease were found in the temporofrontoparietal subtype and the frontal-dominant subtype.
Cognitive and behavioural testing
Cognitive results for the subjects in each of the four subtypes are shown in Table 2 . As expected, the bvFTD group as a whole performed worse on all measures compared to the control group (each P50.001). No significant differences were observed across the four subtypes in tests of general cognitive function, although the frontal-dominant subtype tended to perform slightly poorer than the other subtypes for MMSE (P = 0.07). There was a significant difference across the four subtypes in performance on WMS-R Logical Memory delayed recall (P = 0.002) (Fig. 6) , with subjects in the temporal-dominant subtype performing the worst and subjects in the frontal-dominant subtype performing the best. Similar trends were observed in WMS-R Visual reproduction delayed recall although they did not reach significance.
There was also a significant difference across the four subtypes in the Boston Naming Test (P = 0.006) (Fig. 6) , with worst performance in the temporal-dominant subtype and best performance in the frontal-dominant subtype. There was no significant Table 4 Behavioural and psychiatric data from the NPI-Q at time of scan NPI feature bvFTD bvFTD subtypes P-value NPI-Q data were available for 53 bvFTD subjects. The total NPI-Q severity score is shown as median (inter-quartile range) and the data for each behaviour are shown as number of subjects (%). The control subjects showed no behaviours on the NPI-Q which were available in 25 subjects. difference observed with the category fluency test. There was a trend for the COWAT (P = 0.069) (Fig. 6) , with poor performance observed in the frontal-dominant subtype and best performance in the temporal-dominant subtype. These same tendencies were observed with the Trail Making Test B. There were no significant differences across the four subtypes in tests of visuospatial functioning (Fig. 6) . These results are illustrated in Table 3 . The results of the NPI-Q are shown in Table 4 . There was no significant difference observed across the subtypes on the total NPI-Q score or in the proportion of subjects with each type of behaviour. The most common behaviour in the temporofrontoparietal, frontotemporal and frontal-dominant subtypes was apathy. However, the most common behaviour in the temporal-dominant subtype was changes in appetite and eating behaviour.
Discussion
This study demonstrates that bvFTD is not an anatomically homogeneous syndrome. Our cluster analysis approach showed that subjects with bvFTD can be divided into four anatomically different subtypes, two of which are defined by prominent frontal atrophy and two of which are defined by prominent temporal lobe atrophy. In fact, 50% of our cohort did not show a frontaldominant pattern of loss, but instead showed a more temporal lobe predominant pattern, which is not traditionally associated with a diagnosis of bvFTD.
Of the frontal prominent subtypes, one showed grey matter loss relatively restricted to the frontal lobes and hence was named the 'frontal-dominant' subtype. The other showed severe grey matter loss in the frontal lobes but also with loss in the anterior temporal lobes, and hence was named the 'frontotemporal' subtype. The frontotemporal subtype showed significantly greater temporal lobe loss than the frontal-dominant subtype when they were compared directly. Similarly, of the temporal prominent subtypes, one showed grey matter loss restricted to the inferior and medial temporal lobes, particularly in the right temporal lobe, and was named the 'temporal-dominant' subtype. The other showed a more temporoparietal pattern of grey matter loss with additional involvement of the medial frontal lobes, and was hence named the 'temporofrontoparietal' subtype. In fact, the temporofrontoparietal subtype showed significantly greater grey matter loss in the parietal lobe than the temporal-dominant subtype. Both the frontotemporal and frontal-dominant subtypes showed greater grey matter loss in the frontal lobes than the temporal-dominant subtype, and conversely the temporal-dominant subtype showed greater temporal lobe atrophy than the frontal-dominant subtype. The four subtypes therefore differ in which regions show the most striking grey matter loss, thus validating the clustering algorithm and suggesting that these are different anatomical subtypes of bvFTD. We do not mean to conclude that these are the only regions involved in these subtypes, but rather that they are the most dominant. One could hypothesize that the dominant regions in each subtype may reflect the earliest sites of the disease, suggesting differing patterns of progression in each subtype.
Although not available for every subject, cognitive data collected on these subjects demonstrated differences between these four different subtypes which concur with the anatomical differences. The frontal dominant and frontotemporal subtypes tended to show poorer performance on the tests of executive function than the other subtypes, which supports the results of previous studies that have demonstrated a relationship between executive dysfunction and frontal lobe damage and dysfunction (Fine et al., 2008; Broome et al., 2009) . Conversely, the temporal-dominant subtype performed significantly worse on tests of naming and memory than the other three subtypes. Previous studies have demonstrated correlations between atrophy of the temporal lobes, particularly the anterior temporal lobe, and confrontation naming (Mummery et al., 2000; Grossman et al., 2004; Williams et al., 2005) , and there is a well-established relationship between atrophy of the medial temporal lobe, particularly the hippocampus, and memory performance (Trenerry et al., 1993; Petersen et al., 2000) . The frontal-dominant subtype performed the best on tests of memory and naming reflecting the fact that the temporal lobes were relatively spared in this subtype. The temporofrontoparietal and frontotemporal subtypes performed similarly on the tests of memory and naming reflecting the fact that temporal lobe loss was a feature of both subtypes, although the frontotemporal group performed worse on tests of executive function. Performance on the tests of visuospatial function were impaired in all subtypes compared to the controls, but did not differ across subtypes. This runs counter to expectations given the relatively small amount of parietal lobe atrophy observed, particularly in the frontal, frontotemporal and temporal-dominant subtypes. It is possible however that while the Picture Completion and Block Design tests load most strongly on visuospatial function, they may also be affected by executive function resulting in poorer performance in our subtypes that show executive dysfunction.
The total NPI-Q score did not differ between the four subtypes. This is expected since all subjects in this study fulfilled criteria for bvFTD and therefore would have had behaviour or personality changes; providing validation of the clinical diagnosis in these subtypes. The proportion of subjects with each of the NPI-Q behaviours also did not differ across subtypes suggesting that the anatomical subtypes do not map neatly onto different behavioural subtypes (Snowden et al., 2001; Le Ber et al., 2006) . The most common behaviour in all the subtypes that showed involvement of the frontal lobes was apathy, occurring in over 76% of subjects. Previous studies have similarly noted a high frequency of apathy in cohorts of bvFTD subjects (Levy et al., 1996; Perri et al., 2005; Rosen et al., 2005) . A number of previous studies have also found correlations using both MRI and single photon emission computed tomography (S PECT) with apathy and change in the frontal lobes (Rosen et al., 2005; Le Ber et al., 2006; McMurtray et al., 2006; Peters et al., 2006; Zamboni et al., 2008; Massimo et al., 2009) . Consistent with these findings was the fact that apathy was not the most common behaviour in the temporal-dominant subtype. Instead, the temporal-dominant group showed a high proportion of subjects with changes in appetite and eating behaviour. Studies have reported frequent changes in eating behaviour, such as food fads, in subjects with temporal lobe atrophy (Thompson et al., 2003) , although others have shown that binge eating and the presence of a sweet tooth localize to the orbitofrontal cortex (Whitwell et al., 2007c; Woolley et al., 2007) . Some previous studies have demonstrated associations between disinhibition and the temporal lobes (Liu et al., 2004; Le Ber et al., 2006; McMurtray et al., 2006; Zamboni et al., 2008) . While disinhibition was relatively common in both the temporal dominant and frontotemporal subtypes in our study, we failed to observe any significant differences across subtypes suggesting that the anatomical correlate is unclear, at least based on the present study.
The pattern of atrophy identified in the temporal-dominant subtype could be considered unusual for subjects with a diagnosis of bvFTD. The striking anterior temporal lobe pattern could actually be considered more typical of a diagnosis of semantic dementia, in which subjects show early deficits in naming (Warrington, 1975; Mummery et al., 2000; Chan et al., 2001; Galton et al., 2001b; Rosen et al., 2002; Josephs et al., 2008d) . The subjects in this bvFTD subtype did indeed perform poorly on tests of naming reflecting the involvement of the left anterior temporal lobes (Mummery et al., 2000; Grossman et al., 2004; Williams et al., 2005) ; however, all six patients in this subtype showed severely abnormal behaviours at onset hence fulfilling criteria for bvFTD, and not semantic dementia (Table 5) . However, these subjects showed greater right than left temporal lobe loss. Abnormal behaviours, including social awkwardness, disinhibition, changes in eating behaviour and aggression, have previously been observed in FTD subjects with right 4 left temporal lobe atrophy (Miller et al., 1993; Edwards-Lee et al., 1997; Thompson et al., 2003; Chan et al., 2009 ). An important feature to note about this group is that all six of the temporal-dominant subjects had a positive family history with five genetically confirmed to have a mutation in MAPT. We have previously demonstrated that subjects with mutations in MAPT show severe grey matter loss in the anterior temporal lobe ). This group of subjects was also younger than the other bvFTD subtypes as is typically found in MAPT mutation carriers (Pickering-Brown et al., 2008; Whitwell et al., 2009) . These results therefore confirm that a right dominant temporal pattern of loss can occur in the context of bvFTD and not just in the context of semantic dementia. More detailed prospective behavioural and cognitive assessments may be able to determine whether these subjects can be identified on clinical measures alone.
The temporofrontoparietal subtype also showed an unusual pattern of loss for subjects with bvFTD, with involvement of the temporal and parietal lobes, posterior cingulate gyrus, as well as the medial frontal lobes. Three of the subjects in this subtype had pathological diagnoses of either Alzheimer's disease or corticobasal degeneration which are both associated with parietal lobe damage (Whitwell et al., 2007b; Josephs et al., 2008b) . There have been previous reports of both Alzheimer's disease and corticobasal degeneration presenting with bvFTD syndrome (Johnson et al., 1999; Josephs et al., 2006a) . Similarly, we have previously shown more parietal lobe atrophy in subjects with a clinical presentation of aphasia and Alzheimer's disease pathology, compared to subjects with aphasia without Alzheimer's disease pathology (Josephs et al., 2008c) . A high proportion of subjects in the temporofrontoparietal subtype also had a pathological diagnosis of FTLD-TDP, which is typically associated with a temporal-dominant pattern of atrophy as well as frontal and parietal involvement (Whitwell et al., 2005a (Whitwell et al., , 2007a . Parietal lobe atrophy is particularly severe in FTLD-TDP subjects with mutations in PGRN (Whitwell et al., 2007a) . Mutations in PGRN were not associated with one particular subtype in this study suggesting heterogeneity in the dominant regions of loss, although we only had three PGRN positive subjects. It is notable however that PGRN was not associated with the temporal-dominant subtype confirming our previous suggestion that patterns of atrophy can be useful in distinguishing MAPT and PGRN mutations . A pattern of atrophy involving the temporal and parietal lobes, in the context of bvFTD, could therefore be suggestive of underlying Alzheimer's disease, corticobasal degeneration or even FTLD-TDP pathology.
The frontal dominant and frontotemporal subtypes show what is probably considered the most typical patterns of atrophy for subjects with bvFTD, with prominent involvement of the frontal lobes. In both subtypes grey matter loss was observed throughout the frontal lobe, including orbitofrontal cortex, medial and dorsolateral frontal regions. They were also both associated with volume loss in the caudate nuclei. While the pathological diagnoses found in these patients were varied, it is notable that motor neuron degeneration, Pick's disease and progressive supranuclear palsy were only found in these frontal subtypes. All three of these pathological diagnoses have been associated with frontal atrophy (Brenneis et al., 2004; Whitwell et al., 2005a; Boxer et al., 2006; Whitwell et al., 2006; Josephs et al., 2008b) . In particular, FTLD-TDP with motor neuron degeneration has been found to have atrophy restricted to the frontal lobes which concurs with the focal patterns of atrophy identified in the frontal-dominant subtype. While it is clear that these two subtypes are anatomically different, with one subtype associated with temporal atrophy and the other not, it is possible that the pattern of atrophy in the frontotemporal subtype may reflect a later stage of the frontal-dominant subtype, where the temporal lobe has become progressively involved over time. The subjects in the frontotemporal subtype have had the disease slightly longer than those in the frontal-dominant subtype (2.8 versus 2.0 years) although these differences were not significant. There was a trend however for worse performance on the MMSE in the frontaldominant subtype which would argue against this subtype being an earlier version of the frontotemporal subtype. Longitudinal follow-up of subjects in the frontal-dominant subtype will be needed to properly investigate this issue. Similarly, one could suggest that the involvement of the parietal lobe in the temporofrontoparietal subtype represents a more advanced version of the others. However, the degree of frontal involvement in this subtype was less than that observed in the frontotemporal and frontaldominant subtypes, and the degree of temporal involvement was less than that observed in the temporal-dominant subtype, suggesting that the temporofrontoparietal subtype is not simply a more progressed version of these other subtypes. The study has some limitations that should be discussed. First, the number of subjects, while large for the entire cohort, was relatively small for each of the different subtypes. This may have influenced our power to detect cognitive and behavioural differences across groups. Second, while the clinical and neuropsychological data were collected prospectively from within the ADRC or ADPR, this study was retrospective in nature which was associated with difficulties such as missing behavioural and neuropsychological data. In addition, seven subjects were evaluated by a neurologist before the most recent clinical criteria were published (Neary et al., 1998) and so in these cases the recent clinical criteria had to be fitted retrospectively.
In summary, we have demonstrated the existence of four different anatomical subtypes of bvFTD: (i) the temporal-dominant subtype showing grey matter loss predominantly involving the temporal lobes; (ii) the temporofrontoparietal subtype showing involvement of the temporal, frontal and parietal lobes; (iii) the frontotemporal subtype showing frontal and temporal grey matter loss; and (iv) the frontal-dominant subtype showing grey matter loss predominantly involving the frontal lobes. These subtypes tend to differ on cognitive tests and importantly may prove to have different pathologic and genetic underpinnings. We hypothesize that the pattern of progression of atrophy over time will differ in each of these subtypes, although this will need to be assessed using longitudinal data. These findings are important as they confirm that bvFTD is not homogeneous. This heterogeneity could affect the outcome of clinical trials that use atrophy patterns as biomarkers of disease progression in bvFTD.
